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^ (57) Abstract: Methods are disclosed for selective deposition on desired materials. In particular, banrier materials are selectively 
^ formed on insulating surfaces, as compared to conductive surfaces. In the context of contact formation and trench fill, particulariy 
damascene and dual damascene metallization, the method advantageously lines insulating surfaces (12, 13) with a barrier material 
® (26). The selective formation allows the deposition to be Twttotnlcss", thus leaving the conductive material (20) at a via bonoin 
O ( exposed for direct metal-to-meial contact when further conductive material ( 1 8) is deposited into the opening (22) after barrier 
formation on the insulating surfaces (12, 13). Desirably, the selective deposition is accomplished by atosuc layer deposition (ALD), 
^ resulting in highly coofonnal coverage of the insulating sidewalls (12, 13) in the opening. 
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METHOD FOR BOHOMLESS DEPOSITION OF BARRIER UYERS IN INTEGRATED 
CIRCUIT METALUZATION SCHEMES 

fifiid of tha tnvemion 

The maihod relates generally to integrated drcuit processing and fabrication and, more particiiarly, to metal 
B interconnect structures and the deposrlion of barrier layers m a selective way. 

Backoround of the Invention 
The ongoing focus on miniatwaatlon and the increasing complaiity and spaed tequirements of mtegrated 
circuits demand continuously higher density integration. To achieve this, there is an ongoing downscaUng in tha 
dimensions of the active devices, as weU as of tha structures interconnecting these devices. These interconnect 
10 structures can comprise multiple metal levels which are, depending on tha desired interconnect pattern, either 
separated from one another by means of interlavel insulating layers or connected to one another by means of a 
conductive connection through the insulating layer. Besides this downscaling of the dimensions, additional measures 
ere required to be able to meet the stringent speed specifications. Conventionally, the metal levels are aluminum (Al) 
layers while the insulating layers are oxide layers. In order to reduce the signal delay, one can choose a metal layer 
15 with a higher conductivity compared to aluminum and/or choose insulating layers with a lower dielectric constant 
compared to oxide layers. To meet these objectives copper containing metal layers and/or copper-containing 
connections will be introduced in the near future. 

The use of copper (Cu) in interconnect structures has some commonly known dsadvantages. Cu can have a 
high dlHusion in the surrounding insulating layers, which negathrely affects the reliability and the signal delay. Several 
20 solutions have been proposed to solve this problem. Materials such as refractory metals have been used as a barrier 
layer to prevent copper from migrating into the surrounding layers. 

The currently used technique inhibits the migration of copper ions in the surrounding layers by depositing a 
barrier layer in a non-selective way. Figure 1 iDustrates the resulting structure. The conductive bottom surfaces 10 es 
well as the insulating sidewalls 12 (which include the trench floors 13) of the opening in an Insulating layer 14 are 
25 covered with a barrier material 1 6. In case of chemical vapor deposition iCVD), the barrier 1 6 is conf ormally deposited. 
bi case of physical vapor deposition (PVDI. the coverage of the vertical walls and the bonom of the opening is thinner 
compared to the coverage of the top of the structure. However, the ratio between vertical and horizontal coverage can 
be tuned to a certain eitent by modif ymg the process parameters like deposition power, tha bias of deposition, etc. 

Several problems are related to the deposrtion of barrier layers. Since the barrier layer Is deposited on both 
30 the insulating sidewalls 12 and tha conductive bottom wall 10 of an opening in an insulating layer 14, 15. tha 
occurrence of a barrier layer on the bottom waH 12 causes several inconveniences. When the opening is filled with a 
metal 18, the barrier layer 16 between the overiying metal 18 and the underlying metal 20 has a detrimental eHect on 
the electromigration behavior of the structure, since the barrier 16 serves as a flux divergence point for the electrons. 
Consequently, a discontinuity for the metal atoms occurs with electromigretion during subsequent circuit operation. 
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The presence of the bvrier leyer 16 on the bottom stirfece 10 of en operong m en insuletrng leyer creetes 
edditionel inconveniencee. Since the edhesion between the berrier leyer 16 end the underlying conductive leyer 20 ie 
not elweys good, the current flowing between the dilf erent conducthre levelt will be infhiented, hevtng e negethre 
impect on the relief end the resistivity of the conducthre peth. 

bi U^. Potent No. 5,904,565, s direct copper to copper connection between different levels m an integreted 
circuit is disclosed. In e fffst step, e barrier layer is conlormally deposrted into the via. In e second step, the barrier 
layer covering the lower copper level is selectively removed by amsotropicaHy etching. The berrier covering the verticil 
sidewalls remains. TWs method implies a more complex process with more process steps than conventional barrier 
formation, which causes additional dif f icuhies by implementetion. Furthermore, the cost will increase. 

Consequently, e need exists for a method of forming e direct metel to-metal contact by selectively depositing 
a berrier layer on the insulating surfaces of en opening formed in en insulating leyer, such that superior conducthre 
behavior of the metal levels in an integrated circuit |IC) can be obteinel 

gymmary the Invention 

Methods are described herein for selectively depositing a material particularly a barrier materiel on a 
substrate. The method selectively provides the material on a first surface while leaving a second surface exposed, 
where the firsi end second surfeces differ in material composition. Preferably, the method involves conditionrng the 
first surface to form ligands thereon, and thereafter depositing the barrier layer on the conditioned first surface while 
avoiding depositing on the second surface. 

Desirably, the fffst surface is of an insulating layer and the second surface is of a conducthre layer. More 
particularly, in the preferred embodiments, e method is described for depositing e barrier layer on part of the sidewalls 
of an opening passing through at least an insulating layer to a layer consisting essentially of a conductive material is 
describei This method comprises creating the opening in the insulating layer, conditioning at least insulating 
sidewalls of tN opening to form ligands on these insulating sidewalls, and thereafter depositing the barrier layer on the 
insulating sidewells while avoiding deposition of the barrier layer on conductive sidewalls. 

In accordance with one aspect of the invention, the method comprises removal of ligands formed on the 

second surf ece after conditioning. 

In Bccordance v«th another espect of the mvention. conditioning results in modificetion (a.^ chemical or 
physical modifications) of the first and second surfaces, foOowed by further modification of the conditioned second 
suriaca. The further modification can comprise removal of the conditioning motfifications. or converting the 
conditioning modifications into growth-blocked surface formations. Exemplary further modification inchides: heating 
in a reteing ambient; plasma treatment in a reducing ambienf heating under vocuum or high pressure; or chemical 
treatment, such es cleaning or a chemicol reduction. Ahemathrely, modification of the second suHace can comprise 
f ormetion of growth-blocking or sacrificial layers, prior to or after the conditioning of first surface. 

to an embodiment of this invention, said comfitioidng b a chemicel reaction between cheroicai molecules 
being part of said sideweBs of said opening consisting of insulating material and an appropriate atmosphere such that 
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Bgands on said sidewaDj of laid oponins are fonrnsi Conditioning tan abo compriM a el«8mic8l rwction iMtwrni taU 
tidewalls of said opening conjiiting of said conductwe material and an appropriate atmosphere such that Bgands on 
said sidewalb of said opening are formed. Said conditioning can comprise atoo an additional step being characterized 
in that sad ligands formed on said sidewells consisting essentiany of eonducthe materiel era removed. 
S In accordance with one aspect of the intention, depositing the barrier layer is perfocmed by atomic layar 

deposition. 

to accordance with one aspect of the imientioii. the opening created in the insulating layw is a tie hole, a 
contact hole or a traich. 

In accordance with one aspect of the invention, the insulating material can be siHcon dioiide. silicon ntride. 
1 0 silicon oxynitride, a tow k material or a porous material whh a low dielectric constant 

In accordance with one aspect of the invaniion. the Kgands are selected from hydroxy!, cyano, NH^ NH, 
fluoro, hromo. iodo, chloro, methyl, alkoio, p-diketonato. isopropoxo and other cerbon-containing groups. 

In accordance with one aspect of the invention, the conductive material can be copper, ahiminum, tnngstwi. 
cobalt, silver, gold, platinum, palladium, iridium, rhodium or ruthenium. 
1 5 In accordance with one aspect of the invention, the barrier layer comprises a material selected from the 

group consistmg of nitrides of refractory metals and siHcon, cariiides of refractory metals end siBcmi. borides of 
refractory metals end sWeon, phosphides of refrectory metals and silicon end wynitrides of refractory matato and 
silieon. Particular esamples include materials selected from the group consisting of Co, Te, U TiN. TaN, Si,Nv W,N. 

Hf,N, Mo,N end/or compounds thereof. 
2Q Brief DescriBtinn of the Orawinos 

These end other aspects of the invention will be readily understood from the detafled description below end 
from the appended drawings, which are meant to illustrate and not to limit the invention, and in which: 

Figure 1 is a schematic cross-section of a dual damascene structure in en integrated circuit metallization 
scheme, including a non-selective barrier; 
25 Figure 2 is a schematic cressseetion of a dual damascene sttuctun including a selective barrier, in 

accordance with the preferred emboifiments of the present invention; 

Figure 3 is a schematic cross-section of a partially fabricated dual damascena structure, showing selsclive 
conditioning of insulating surfaces m accordance witii an imem«diato stage of fabrication, in aeeordanca with the 
preferred embodimentt: and 

30 Figure 4 is an eiemplary gas flow diagram for depositing a barrier layer, in accordance with a preferred 

embodiment of the present invention. 

f lB f ailed Descriotin n af the Preferred Fmhodiment 
f/lethods for depositing e layer, prelerably a barrier layer, on e substrate are described herein. The substrate 
includes at least a first surface and a second surface, which differ in material composhion. The method preferably 
35 includes conditioning et least one of the surfaces to f om, ligands on the conditioned surface and titereafter depositing 
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8 barrier layer on the concfitioned wirface whfle avoidirtg deposition on the non-conditioned surface. Contftioning. as 
used herein, prepares the surface for further deposition, and in the iUustrated embodiment involves making the surface 
susceptible to an atomic layer deposition (ALO) process to form the desired barrier layer. In contrast, the non- 
conditioned surface is substantially insensitwe to the ALO process for the desired barrier layer. The •non-cooditloned" 

5 surface can be achieved by f aihire to condition this surface or by further modification of conditioning on this surface. 

While illustratod in the conteit of sclecrive barrier deposition during dual damascene metalfiiation, the skied 
artisan will readily find appication for the principles and advantages disclosed herein in other contexts, particularfy 
where selective deposition is desired with high step coverege. The mvention has particular utiGty for depositing 
selectively on one of insulating and conductiva materials, es compered to the other of Insulating and conducthre 

10 materials. 

The preferred method includes selecthrely depositing a barrier layer on first sidewaBs of an opening passing 
through an insulating layer formed on a substrate, and exposing a second sidewall. The first sidewaiis are defined as 
the sidewaiis of the opening consisting essentially of the insulating material. The second sidewaiis are the sidewaiis 
of the opening consisting essentially of a conductive material. This method provides a direct contact between the 
15 different conductive levels in an integrated circuit metalliiation scheme. Since the barrier layer between tiie 
conductive levels has a detrimental effect on the electromigration behavior of the structure, the formation of tWs 
banier layer will be avoided over the second sidewaiis. 

As noted, a panicular object of the preferred embodiments relates to selectively depositing a barrier layer, 
thereby avoiding the problem of covering e metal leyer with a barrier in ulua large scale integration (UlSI) 
20 metallization. Damascene technology allows building up horizontal metal pancrns as well as vertical metal 
connections. These connections are required in order to be able to provide a conductive connection between two 
horizomal metal patterns being processed in an IC. To provide such a connection, usually first openings have to be 
formed in the insulating layer or in the stack of insulating layers between two different conductive levels. An example 
of such opening is a trench, a contact hole or a via hole. This opening is fiOed with the appropriate metal in a 
25 subsequent step, such that a vertical connection is realized between two different horizontal conductive levels. To 
prevent diffusion of the metal in the surrounding insulating layer, a diffusion barrier layer is deposited in the opening 
before depositing the metel 

With reference to Figure 2 (resultant structure! and Figure 3 Jmid-process). wherein like reference numerals 
ere employed to reference like parts as in Figure 1, the invention is ilhistreted in the comext off integreted circuit 
30 metallization. In a ULSI metaBiZBtion scheme, end more particularly in the damascene epproach, horizontal as weB es 
vertical metal connections ere formed in surrounding insulating layers 14 and 15. These vertical metal connections are 
required in order to be able to provide a conductwe connection between two horizontal conductive levels. In dual 
damascene processmy, the vertical connection is formed simultaneously with an upper horizomal connection. It wiO be 
understood, of course, tfiat the terms "horizontar and "vertical* as used herein refer only to relative orientations. 
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eonventjonallY used in the art for orientations as they would be if the wafer or chip were horizontal with the devices 
facing u|k. 

To providB such a connection, first an openino 22 is created in insulatino layer{$) 14. 15 formed on a 
substrate. In the Blusuated dual damascene context, the opening 22 incfajdes a trench formed in an upper insulatino 
layer 15. as well as a contact via formed at a discrete location along the trench in a lower insulating layer 14. The 
skiQed artisan wfll appreciate that, in other arrangements, the opening can comprise a contact via alone or a trench 
alone. 

The opening 22 can be created in the insuletfng layerjsl 14. 15 by using a hard mask layer on top of the 
Insulating layerls) 14. 15. among other techniques. The hard mask layer can be. but is not limited to, silicon carbide. 
The opening 22 in the insulating layer 14, 15 is adjacent to and exposes the conductive layer 20. In state of the art 
chip designs, the opening 22 wifl typically have a high aspect ratio, le.. > 2:1. often > 4:1. The opening can aUo be 
for larger f eetures, e.g.. en opening with a Knewidth greater than 5 ^m. such as a bonding path or a capacitor. 

The opening 22 has first sidewalls 12 and second sidewalis 10. The first sidewalis 12 are defined as the 
sidewalis of the opening 22 consisting essentially of an insulating material including 'venicar portions and 
IS -horizontar trench floors 13. The second sidewafls 10 are the sidewalis of the opening 22 consisting essentially of e 
conductive material, shown at the bottom of the opening 22 in the inusuated embodiment. The insulating layer<s) can 
be a form of silicon dioxide, silicon nitride, silicon oxynitride, a low-k polymer or a porous material with a low dielectric 
constant. The insulating layerls) can also be covered with a material such as siBcon carbide, silicon nitride or any other 
inorganic insulating material. The substrate cen be partly processed or a pristine wafer or a slice of semiconducring 
20 material. e.g. a glass sHce. or a conductive material. The substrate can comprise a patterned conductive layer. 
Particulariy. in case said substrate is a partly processed wefer or slice: at least a part of the active and/or passive 
devices can already be formed end/or at least a part of the structures interconnecting these devices can be formed. 

The opening 22 in the insulating layerls) 14. 15 can be creeted by lithography and subsequently by etching 
the patterned structure. Etching can be dry etching or wet etching, but preferably dry etching. The composition of the 
25 etch plasma depends on the characteristics of the insulating material. 

In a subsequent step, the opening is preferably cleaned by techniques known in the art 
The sidewalls of the opening 22 ere conditioned such that chemical I'lgands are formed on the first sidewaBs 
12 of the opening 22. Said chemical ligands are chemsal groups or atoms covalently bound to the chemical molecules 
of the insulating material 21 Conditioning can be a chemical reaction occurring by exposing the substrate and thus 
30 the first sidewaU to the air or to a dedicated atmosphere such that the chemical composition of the sidewells is 
modified. Le. chemical. Conditioning can also be a chemicel reaction from exposing the substrate, and thus the first 
sidewen 12. to a wet ambient, such as water vepor or a cascade water rinse. Alcohols can also provide suitable 
conditioning for subsequent deposition. 

bi some arrangements, conditioning can also mean that no exposure to the air or to a dedicated atmosphere 
35 is necessary because the insulating layer can be chosen such that the chemical Tigands are already present on the 
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tidewaSs of the opening before exposing the cleaned opening to the air. Examples of such naturally conditioned 
insulating layers include oxide contairung layvs. The dedicated atmosphere can also be part of the etching ambient 
when the openmgs 22 are created. In tfus manner, the first sidewaDs 12 are condttioned in-situ during etching, which 
the bottom or second sidewalls 10 is etched dean. Modifications of the second stdewall 10 can be removed Airing 
etching. 

Chemical ligands are chemical groups or atoms chosen such that they can be selectively replaced by a 
chemical reaction with another chemical group or chemical molecule present m the atmosphero during at least initial 
stages of subsequent deposition of the bsrrier leyer. These chemical ligands (and exemplary source fluids for them) 
mclude, but ere not limited to. hydroxyl (moisture and alcoholsk cyano (HCN). NH, (NH, and KjUJi, NH INH3L fhtora 
(fluorine), bromo (bromine), todo Oodine), chloro (chlorine), methyl (organics). alkoxo (alcohol), p-diketonato (P* 
diketonato), isopropoxo (isoproxide) and other cariNin-comaihing groups. It will be understood thst the source fluids 
can generally be ionized and provided to the substrate in radical form for more ready attachment of the (igands. The 
chemical ligands are preferably fomied on the first sidewalls 12 (including trench floors 131, consisting of insulating 
materials in the iilustrated embodiment. Figure 3 show hydroxyl ligands formed only on the insulating first surfaces 12 
(including trench floors 13). 

Depending on the characteristics of the conductive material, the chemical ligands can also be formed on the 
second sidewaH 10 of the opening 22. In tlus case, the chemical ligands are desirably selecthrely removed from the. 
second stdewall 10 of the opening 22. Such selective removel can inchide, but is not limited to. a moderate heating of 
the substrate in a reducing ambient or a plasma treatment in e reducing ambient Advantageously, due to differences 
in the binding force between the conditionmg ligands and different materials, it is generally easier (i.e., requires less 
energy) to remove ligands from metals such as copper, silver, gold end platinum than it is to remove the same Ugands 
from insulating material. 

The layer of conductive material on the second sidewall ID in contact with the air or another atmosphere can 
also be modified. This modification can be a chemical reaction such as oxidation or a physical modification such as 
adsorption of substances. Modification can comprise, for example, forming e blocking layer on the second surface ID 
that either does not react with the subsequent deposition chemistries, or results in much slower deposition than ever 
the first surface. As a non limiting example. -SiX, figands (where X - F. CI, Br or 1 and n - 1, 2 or 3) can be formed 
with a step of exposure to a silicon halide. which can be a pulse of silicon halide source gas prior to barrmr deposrtion. 
These blocking Ggands more readily form, for example, over oxide at the second surface (e.g.. native oxide or oxkfe 
formed during the conditioning of the first suilace) than over insulating walls of the first surface. 

Anotter exemplary modification of the second surface comprises formation of a sacrtfictal layer over the 
second surface. As a non limiting example, a tungsten oxide layer (WO,) can be formed over the second surface prior 
to barrier layer fomiation. If the barrier layer comprises tungsten nitride (WN|, formed by AID from aftemating pulses 
of WFc and NH» the sacrificial layer cen be slowly etched away dwing the WN deposition, end particularty during the 
WFc pulse as indicated below: 

.6. 
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Any motfified layer (e.g., growth-biocking layer or any remainder of a sacrificial layer) is preferably removed 
after barrier formation end prior to further deposition (e.g., copper fiH). Depending upon the material, removal of the 
modif icetion can include a heating of the substrate under vacuum or high pressure or a chemical treatment such as a 

5 cleaning step, a chemical reduction, a selective etch, or a timed wet etch. Note that, depemfing upon the 
characteristics of the conducthre materials 18, 20 alreedy formed and to be formed in subsequent steps, the modified 
leyer does not necesssrily have to bo removed in 8 dedicated process step but cen sometimes be removed during 
further processing. For example, while fBling or ining the opening 22 with the conducthre material 18, as wi be 
eppredeted from the discussion below, surface moiSf icetions can be naturally removed. 

10 ha funher step, a barrier leyer 26 is selectively deposited on the first sidewalls 12 of the opening 22. The 

barrier layer 26 Is essentially not formed on the second sidewall 10 of the opening 10; Le. the surface of the 
underlying conductive layer 20 is not covered with a barrier layer. In the preferred embodiment no (igands are formed 
on said second sidewall 10 that consists essentially of conductive material and deposition accordingly does not take 
place. The specific chemical structure of the insulating layer, i.e. the presence of chemical ligands, eliows a selective 

15 deposition of the barrier layer. The chemical figands present on the first sidewall 12 will react with the atoms or 
molecules present in the deposition etmosphere. The chemicel etoms or molecules present on the second sidewaD 10 
of the opening will not react with the etoms or molecules present in the deposition etmosphere. The deposition 
atmosphere is a chemical solution, vapor or gas consisting essentielty of chemical compounds necessary for formation 
of the barrier layer. As s consequence, a selective deposition of the barrier leyer 26 on the first sidewells 12 of the 

20 opening 22 is obtained. 

The barrier layer 26 is preferably deposited by Atomic Leyer Deposition (AID). AID is based on the exchange 
of chemical molecules or atoms between a material and a deposition atmosphere by atomic layer film deposition. The 
exchange of chemical molecules or atoms is a chemical reaction. The layer 26 is built up in sequential steps wherein 
each step involves the formation of one atomic layer by a chemical reaction or adsorption. The barrier layer 26 

25 consists of a material that prevents the diffusion of metal ions in the surrounding insulating layer(s) 14. 15. The 
barrier leyer 26 cen be, but is not limited to, a material selected from the group consisting of refractory metals, 
nitrides of refractory metels and silicon, carbides of refrectory metals and silicon, borides of refractory metab and 
silicon, phosphides of refractory metels and nficon and oxynitrides of refractory metals and sOicon. Preferebly, the 
berrier layer 26 mchides Co, Ta, Ti, TIN, TaN, Si,N4, W^N, Hf |N, Mo,N and/or compounds thereof. 

30 Advantageously, since the banter meterial does not interrupt the metako^etal peth, the berrier material 

need not be highly conductive. Thus, the preferred embodimenu advantageously enable en expanded selection of 
barrier meterials, tnchiding materiels that have a resistivity range from below 300 ^O cm to insulating barrier 
materials. Farticulariy preferred insulators are amorphous insulators. 

The preferred method is a form of atomic layer deposition (ALD), whereby reactants are supplied to the 

35 workpiece in ahemating puises in a cycle. Preferobly. each cycle forms no more than about one monolayer of Iming 
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material by adsorption and preferably by chemisorption. The tubsuate temperature is kept with'm a window 
facilitating chemisorption. In particular, the nAstrate temperature is maintained at a temperature low cnougli to 
maknain htact chemical bonds between adsorbed species and the underlying surface, and to prevent dacomposithm of 
the reactant species. On tha other hand, the substrate temperature is mamtamed at a high enough level to avoid 
6 condensation of reactants and to provide the activation energy for the itesired surface reactions in each phaia. Of 
course, the appropriate temperature window for any given ALO reaction wiU depend upon the surface temiination and 
reactant species invohred. 

Each pulse or phase of each cycle is preferably self limiting in effect. In the example set forth below, each of 
the phases are self temtinating (/.ft. an adsorbed and preferably chemisorbed monoleyer Is left wWi a surface non- 
10 reactive wHh the chemistry of that phase). An excess of reactant precursors is supplied in each phase to ssturata tha 
structure surfaces. Surfece saturation ensures reactant occupation of all available reactive sites (subject to physical 
size restraints, as discussed in more detail below), while self-termination prevents excess film growth st locations 
subject to longer exposure to the reactams. Togetijer, saturation end self-terminating chemistries ensure excellent 
step coverage of the first surfaces 12. 
15 Figure 4 and Table I below illustrate an exemplary process. A gas flow sequence is represented in 

accordance with a particular embodiment, which is meant to be exemplary and not limhing. In the ilhjstrated example, 
a conductive nitride, and more particularly a metal nitride, is formed by supplying the workpiece with a metal source 
gas alternately with a nitrogen source gas. The first or metal phase 107 of each cycle ctemisorbs a layer of metal- 
containing material, desirably in the absence of the nitrogen source gas. The second or nitrogen phase 111 of each 
20 cycle reacts or adsorbs a nitrogen-containing material on the deposhed metal-containing layer, desirably In the absence 
of the metal source gas. It will be understood that, in other arrangements, the order of the phases can be reversed, 
and that the reactant removal or purge steps can be considered pert of the preceding or subsequent reactant pulse. 

Surfaces of the damescene structure upon which tiie fining meterial is to be formed (Le., the first surface 12, 
inchiding the trench floor 13 but excluding the second surface 10) are initlaBy terminated to provide a surface that is 
2S reactive with the metal source gas. Heactants of the metal phase 107 can chemisorb upon oxide and nitride surfaces 
of some preferred damascene structure without seperate surface termoiation. 

Most preferably, the metal phase 107 is seH-fimtting. such that no more than about one atomic monolayer is 
deposited during ihe first phase. Desirably, a volatile metel source gas is provided in a pulse 104. Exemplary metal 
source gases include titanium tetrachloride mCU. tungsten hexafluoride (WF,). tantalum pentachloride fTaCy, 
30 tantalum pentaethoxide, tetraki$(dimethylamino)titanium. pentakisldimethylaminojtantalum. copper cWoride (CuCI) and 
copper hcxafluoroacetylacetonate vinyltrimethylsilane (Cu(HFAC)VTMS). 

After a sufficient time for the metal source gas to diffuse into the bottom of the dual damascene contact via, 
shutting oH the flow of the metal source gas ends the metel pulse 104. Preferably, canier gas contimies to flow in a 
purge step 106 until the metal source ges is purged from the chamber. 
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During the pulse 104, the metal source gas reacts with exposed and selectively terminated sivfaces of the 
workpiece to deposit or chemtsorfa a 'monolayer' of metal-containino species. WhUe theoretically the reactants will 
ehermsorb at each available she on the exposed layer of the workpiece. physical size of the adsorted species 
(particularly with temwnating ligands) will generally limit coverage with each cyde to a fraction of a monolayer. In the 
example of Table I below, the AID process grows metal nitride layers at roughly 0.35 A/cycle, such that a fuO 
monolayer effectively forms from material deposited approximately every 15 cycles for TiN, which has a bulk lattice 
parameter of about 4.2 A. Each cycle is represented by e pair of metal source gas and nitrogen source gas pulses. 
•Monolayer/ as used herein, therefore refers to a fraction of a monolayer durmg deposition, referring primarily to the 
setf-emiting effect of the pulse 104. 

In particular, the metel containtng species deposited/adsorind upon the workpiece b self-terminating such 
that the surface will not further react with the metal source gas. In the example set forth below, TCI, (Table I) leeves 
a monolayer of chloride termineted titanium. WF^ would leave e monolayer of fluorine-terminated tungsten. Similarly, 
other volatile metal halides will leave halide temiinated surfaces, and metal organics. such as tantalum penteethoxide, 
tetrakis(dim8thylamino)titanium, and peMaki${dimeihylaminohania!um, will leave surface terminated with organic 
ligands. Such surfaces do not further react with the metal source or other constituents of the reactant flow during the 
metal source gas pulse 104. Because excess exposure to the reactants does not result in excess deposition, the 
chemistry during the metal phase 107 of the process is said to be self -limiting. Despite longer exposure to a greater 
concentration of reactants, deposition on upper surfaces of the workpiece does not exceed deposition on insulating 
surfaces near the via floor. As noted, the metal phase 107 preferably does not readily react with the second surface 
10 (Figure 3). 

In a second phase 111 of the cycle 115, a pulse 108 of a nitrogen source gas is then provided to the 
workpiece. In the illustrated examples, the nitrogen source gas comprises ammonia. Preferably, the second phase 1 1 1 
is maimained for sufficient time to fully expose the monolayer of metal-containing species left by the first phase 107 
to the nitrogen source gas. After a sufficient time for the nitrogen source gas to diffuse into the bottom of the dual 
damescene contact via. shutting off the flow of the metal source gas ends the nitrogen pulse 108. Preferriily. carrier 
gas continues to ftew in a purge step 110 until the nitrogen source gas is purged from the chamber. 

During the nitrogen pulse 108, the nrtrogen source ges reacts with or chemisorbs upon the self -terminated 
metal monolayer left by the first phase 107 upon the first surface 12 (Figure 3). bi the embodiment of Table I. this 
chermsorption comprises a saturative Bgand exchange reaction, replacing the halogen terminetion of the metal 
monolayer with e nitrogen-containing species, hi other arrangements, an intermediate getter or scavenging phase first 
removes the halogen termination of the metal monolayer prior to a nitrogen pulse. In this case, in a third phase the 
nitrogen comeinmg species reacts with adsorbs upon the metal left exposed by the getter phase. In either case, a 
metal nitride is thereby formed selectively upon the first surfsce 12, preferebly m a single monolayer. Desirably, the 
process leeves a stoichiometric metal nitride. As ifiscussed with respect to the metal phase 107, the monolayer need 
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not occupy bO avaaaUe sites, due the physical size of the adsorbed species. However, the second phase 111 also has 
a self limiting effect 

In particular, the nitrogen source gas reacts with the metakontaining species chemisorbed onto the 
workprece surface during the previous pulse of metal source gas. The reaction is also surface terminated, sirtce 
ammonia or other nitrogen source te.g., hydrazine. N radicals, etc) during the pulse 108 wil not react with nhrogen 
and NH, tails tenmnatino the metal nitride monolayer. Moreover, temperature end pressure conditions are trranged te 
avoid diffusion of anvnonia throiqh the metal monolayer to underlying materials. Despite longer eiposure to a greater 
concentration of reactants in this saturative, self -Smiting reaction phase 1 1 1 . the thickness of the metal nitride f nrned 
on upper surfsces of the workpiece does not exceed the thickness of the metel nitride formed on insulating surfaces 
nesr the via floor. Again, the second surface 10 is preferebly non reacthre with the nitrogen pulse. 

The metel phase 107 lincluding metel source pulse 104 and purge 106) and nitrogen phase 108 (incluifing 
nitrogen source pulse 108 and purge 110) together define a cycle 115 that is repeated in an ALD process. After the 
initiai cycle 115, a second cycle 115a is conducted, wherein a metal source gas pulse 104a is again supplied. The 
metal source gas chemisorbs a metal-containing species on the surface of the metal nitride formed in the previous 
cycle 115. The metal-containing species readily react with the exposed surface, depositing another monolayer or 
fraction of a monolayer of metal-containing species and again leaving a self-terminated surface that does rwt further 
react with the metal source gas. Metal source gas flow 1D4a is stopped and purged 106a from the chamber, and 
(according to Table I) a second phase 111a of the second cycle 115a provides nitrogen source gas to nitridize the 
second metal monolayer. Ahematively. the nitrogen phase is preceded by an intermecfiate getter or scavenging phase. 

The cycle 115a is repeated at least about 10 times, and more preferably at least about 20 times, imta a 
sufficiently thick metal nitride is formed to serve a barrier function in the dual damascene structure. Advantageously, 
layers heving e thickness of less than about 200 A, and more preferably less than about 100 A, can be formed with 
near perfect step coverage by the methods of the preferred embodiments. Step coverage relates to the ratio of 
insulating wall coverage near the bottom of the opening as compared to the upper surface of the substrate. As noted, 
deposition preferably occurs selectively on the insulator surfaces IZ as compared to the conductive bottom surface 
10. 

In the subsequent steps, the opening 22. which is partially covered with a barrier layer 26, is filled with a 
conductive material IB (Figure 21 using deposition techniques known in the art As a result, a direct contact between 
the opening 22 filled with conductive material 18 and the underlying conductive layer 20 is created. Consequently, no 
dhrergence or discontinuity exists between the two conductive levels, yielding a superior conductive behavior, 
legerdless of the resisthrity of the barrier material. 

In a first embodiment, a method is disclosed for depositing a copper barrier layer in an opening in an 
insulating layer formed on a substrate. 

An insulating layer is deposited on e substrate. The substrate can be a partly processed wafer or a pristine 
wafer. The substrate is preferably a partly processed wafer. The insulating layer 14. 15 can be deposited on a 
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previously fabricated conductive circuit element 20, which cen represent a lower metal level, a contact level or a 
transistor level The msutating layo 14, 15 can comprise one of the materials noted above. In the illustrated 
embodiment the insulatino material comprises a form of silicon dioiide. The insulatino layer 14, 15 is panemed, by 
lithography and dry etch step, such that an opening 22 is formed in the sicon dioxide layer using the dual damascene 
5 approach. The first sidewalls 12 of the opening 22 consist d silicon dioxide and second sidewalls 10 consist of 
conductive material 20. After the dry etch step, the substrate is cleaned. In s next step, the »licon dioxide layer b 
conditioned in such a way that Figands are fomtad on the silicon dioxide layer, e.g.. a layer of siiicon hydroxide is 
formed. To obtain this, the insulating layerts) 14, 15 are exposed to a source of H or OH racficals, such as a wet 
atmosphere. OH or H plasma. 

10 The first sidewaB 12. Le.. the surface of the insulating layer 14. 15, reacts with hydrogen and OH raificals 

present in the plasma. The reection is only limited to the surfece of silicon dioxide exposed to the plasma. Once the 
entire surface of the first sidewall 12 is saturated with hydroxyl tafls or ligands. reaction will spontaneously terminate. 
In the illustreted embodiment, the first sidewall 12. which comprises silicon dioxide, can also react with moisture 
present in :he air. A spontaneous conditioning will take place. 

^5 When the conductive material is copper, the copper layer can be modifred, such as by forming e sacrificial 

layer or ALD blocking layer thereover. As noted above, changes on the chemical structure of the copper layer should 
generally be removed prior to filling, erther prior to or subsequent to fining with the barrier material. Furthermore, 
substances which are absorbed on the surface should be removed. 

A TiN barrier layer 26 is selectively deposited using atomic layer deposition (ALD), based on the exchange of 

20 chemical groups during alternating pulses of reactants. each of which preferably form no more than about one 
monolayer of material. The substrate is brought in contact with TiCU in the vapor phase, such that a reaction occurs 
between TiCI* and the hydroiyl groups present on the insulating material. Since no hydroxyl ligands are present on the 
second sidewell 10 of the opening 22. i.e. the sidewall ID consisting essentially of conducthre material, no chemical 
reaction wUI take place between the conducthre layer and TiCI*. The first reaction product forms a first layer on the 

25 insulating suHace. Next, a reaction occurs between NHj end the first reaction product, such that a second layer is 
formed, hi the subsequent steps, the sequence of chemicel reections is repeated until a barrier layer with sufficient 
thickness is formed. 

Table I below provides an exemplary process recipe for forming a TiN layer suitable for e barrier applications 
m dual damascene metallization schemes for ultra large scale integrated processing. The process recipe represents one 
cycle in a single-wafer process module. In particular, the illustrated parameters were developed for use in the single- 
wafer ALD module commercially available under the trade name Pulsar" 2000. available commercially from ASM 
Microchentistry Ltd. of Finlend. 

Note that the parameters in the table below are exemplary only. Each process phase is desirably arranged to 
saturate et least the first surface 12 of the opening 22. Purge steps are arranged to remove reactants between 
35 reacthre phases from the vias. Similar ALD processes have been detemtined to echieve better than 90% step coverage 

11- 



30 



wo 01/15220 



PCT/U500/23252 



in voids with aspect ratios of greater than about 20:1. la view of the disdosuie herein, the skilled artisan can reacfily 
modIfY, substitute or otherwise after deposition conifitions for different reaction chambers and for different selected 
conditions to acNeve saturated. seJf terminating phases at acceptable deposition rates. 

Advantageously, the AID processes described herein ere relathrely insensitive to pressure end reeetent 

S concentration, es long as the reeetent supply is sufftdent to saturate the trench and vie surfaces. Furthermore, the 
processes ceo operate at low temperatures. Workpiece tempereture is preferebly maintained throughout the process 
between ebout 200^C and SOO^C to echieve relatively fast deposition rates while conserving thermal budgeu during 
the back-end process. More preferably, the temperature is maintained between about 350^C and 400"C, and most 
preferably between about 38D'*C and 400**C. Pressure in the chamber can range from the miliTTorr range to super- 

10 atmospheric, but is preferably maintained between about 1 Torr and 500 Torr. more preferably between about 10 Torr 
andlOOTorr. 



Table I 



Phase 


Carrier Flow 
(Sim) 


Reactant 


Reactant 
Flow 
(seem) 


Temperature 
(•C) 


Pressure 
(Torr) 


Time 
(sec) 


metal 
source 


400 


TiCI* 


20 


400 


10 


.05 


purge 


400 






400 


10 


0.8 


nitrogen 
source 


400 




100 


400 


10 


0.75 


purge 


400 






400 


10 


1.0 



Table I above presents parameters for ALD of a titanium nitride (TiN) barrier into trenches and contact vias 
15 of a dual damascene structure. As noted, the metal source gas comprises titanium tetrachloride (TiCl4). the carrier gas 
comprises nitrogen (Nj) and the nitrogen source gas preferebly comprises ammonia (NH3). 

In the first phase of the first cycle, riCi« chemisorbs upon the first surfaces 12 {e.g.. OH* or NH,-terminated) 
of the dual damascene trenches end contact vias. The metal source gas preferably comprises a sufftdent percentage 
of the carrier flow, given the other process perameters, to seturete the demescene surfaces. A monolayer of titanhmi 
20 complex is left upon the trench end vie surfaces, and this monolayer is self-terminated with chloride. Advantageously, 
the lack of conditioning, or modification of conditioning, on the second surfaces 10 prevents edsorption or reaction of 
the riCI« with the second surface. 

Desirably, the reactor includes a catalyst to convert the metal source gas to a smaller and/or more reactive 
species, hi the ilustrited embodiment, the preferred reaction chamber comprises titanium walls, which 
25 advantageously convert TiCI, to TiCI,. The smaller species readily diffuse into vias. occupy more reactive sites per 
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cycle and more readily chemiiorb onto the active shae. Accordinoly. the catalyst enables f astw deposrtion ratis. The 
skilled artisan will readily appreciate that other catalysts cw be employed for other chemistries. 

After the T1CI4 flow is stopped and purged by continued flow of corrir gas, a pulse of NH, is supplied to the 
workpiece. Arwnonia preferably comprises a sufficient percentage of the carrier flow, giten the other Fon» 

S parametars, to saturate the surface of the metal^omaining monolayer. Tha NH, readily leactt with the chloride- 
terminated surface of the metal monolayer in a Egand^xchanga reaction, fomung a monolayer of titaniwn nitride (TiNJ. 
The reaction b Bmited by the number of aveOable metal chloride complexes praviously chemisorbed. Neither ammonia 
nor the carrier gas further reacts with tha resuhhig titanium nrtride monolayar. and the monolayer U left with a 
nitrogen end NH, bridge tarmhiation. The preferred tempereture end pressure parameters, moreover, mhibit Effusion 

10 of ammonia through the metal monolayer. Advantageously, the NH, reactant under these conditions does not react 
with the second surface 10, which, es noted, has no conditioning or has modified conditioning |e.g.. blocking layer or 
sacrificial layer). 

in the next cycle, the first phase introduces TiCI*. which readily reacts with the surface of the titamum 
nitride monolayer, again leaving a chloride terminated titanhim layer. The second phase of the second cyde is then as 
15 described with respect to the first cycle. These cycles are repeated until the desired thickness of titenium nitride is 
formed. 

In the illustrated embodiment carrier gas continues to flow at a constant rate during both phases of each 
cycle. It wia be understood, however, that reactants can be removed by evacuation of the chamber between 
alternating gas pulses. In one arrangement, the preferred reactor incorporates hardware and software to maintwi a 
20 constant pressure during the pulsed deposition. The disclosures of U.S. Patent No. 4.747.367, issued May 31. 1988 
to Posa and U.S. Patent No. 4,761.269. issued August 2. 1988 to Conger et aL, are incorporated herein by refwence. 

Because the first surface reacts more readily with the (conditioned) first surface than with the 
Inonconditioned or modified) second surface, the above deposition is selective to the first surface. 

Note that e partiaOy selective surface can also accomplish the desired selective result. For exemple. some 
25 ALD processes will deposit at slower rates on metal as compared to insulators, particularty when the ALO process 
itself produces a competing etch reaction on meteL Simflariy. other Afferent materials can result in different 
deposition rates on a first surfece es compared to a second surface. Thus. partiaOy selecthre deposition results hi a 
thicker layer on insulating surfaces es compered to metal surfaces. Tha process can be made fully selective by a 
subsequent Isotropic etch that Is timed to stop after the thinner layer on tha second surfece has been completely 
30 etched, resulting to some thinning of the desired leyer on the firet surface. Advantageously, en isotropic etch is more 
readily achieved end less damaging than an anisotropic etch, such as that disctesed in U.S. Patent No. 5.904.565. 

in a next step, the opening 2Z which includes e selective barrier layer 26 and an exposed second surface 10. 
can be filled with copper. After select'nre formation of the barrier layer, a seed layer may be desirable, depending upon 
the method to be employed for f ilHng the dual damascene structure and the conductiviiy of the deposited barrier layer. 
35 In the illustrated embodimeni. a copper fiBer is desirably electroplated over the llustroted metal nftride berriers. 
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Accordingly, a highly conducthre seed layer is preferably first formed over the barrier layer 26 and over the nposed 
second surface 10, As Is known in the en, the seed leyer preferably comprises e metal leyer, more preferably copper, 
and can be deposited by any of a number of processes. For example, the seed layer can be formed by physical vqwr 
deposition (inmL e.g.. sputtnino. chemicel vapor deposition (CVD) m atomic layer deposition (ALD). A CVO process 

5 can be emptayed to deposH the seed layer with h^her step'coverage. Metal organic CVD (MOCVD) techraques ve 
disclosed, for example, by Wolf et al.. •Process and equipment simulation of copper chemical vapor deposition using 
CulHFAOVTMS.' Microelectronic Engineering, Vol 45. No. 1. pp.15-27 (Feb. 1999). the disclosure of which is 
mcorporatfid herein by reference. If the underlying barrier layer 26 U conductive, the seed layer cen also be 
electroplated or electroless deposited thereover, to conjunction with high step coverage obtained in forming the prior 

1 0 metal nitride barrier layer by AID. such methods may be adequate for many dual damascene schemes. 

Most preferably, the seed layer is also formed by ALD. The volume saved by high step coverage formation of 
one or more of the adhesion, barrier and seed leyers thus contributes to a higher-conducthrity Hne due to a greater 
volume available for the more conductive filler metal and increased chance of completely filling the contact viae and 
trenches. 



Table II 



Phase 


Carrier Flow 
(sbnl 


Reaetant 


Reacttnt 
flow 
(seem) 


Temperature 
CCI 


Pressure 
TorrI 


Time 
istc) 


metal 


400 


CuCI 


4 


350 


10 


0.2 


purge 


400 






350 


10 


0.5 


reduce 


400 


TEB 


40 


350 


10 


0.2 


purge 


400 






350 


10 


0.5 



Table II above Hlustretes an ALD pore metal process. In ehemeting phases, copper chloride is firet edsorbed 
and then reduced by TEB. Advantageously, copper chloride is e smaller reactive species compared to orgaruc copper 
species, f ecilitating repid and more complete saturation of reactive sites on the workpiece. 
20 After formation of the seed layer, the opening Is filled with a conducthre materiel by electreless platng or by 

electroplating. Deposition proceeds to a thickness thet is sufficient to complete the bottom-up ffll of the openmgs. 

The present invention is described by reference to several preferred embodiments in the foregoing 
description. It is apparent however that a person skilled in the art can imagine several other equivalent embodiments 
or other ways of practicing the present hivention. the spirit and scope thereof being limited only by the terms of the 
25 appended claims. 
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Wg CLAIM: 

^. A method of selectively depositing e Isyer using en etomic tsyer deposition process, the nnethod 

comprising: 

providing e deposition substrete comprising o first surfece end a second surface, the first and 
5 second surfaces having different material compositions; and 

selectively coating the first surface as compared to the second surface by repeatedly alternating 
exposure of the deposition substrate to at least two reactant fluids. 

2. The method of Claim 1, wherein the first material comprises an insulating material that b 
selectively coeted end the second material comprises e conductor, 
f 0 3. The method of Claim 2, wherein the first suHace defines an opening in en insulating layer within an 

integrated circuit and the second surface comprises e metal element exposed by the opening. 

4. The method of Claim 2, wherein selectively coating comprises depositing a barrier material over the 
insulating material. 

5. The method of Claim 4, wherein the barrier material is conductive and has a resistivity less than 

15 about 300 ^n-cm. 

6. The method of Claim 4, wherein the barrier material comprises a metal mtride. 

7. The method of Claim 6. wherein the barrier material comprises titanium nitride. 

8. The method of Claim 4. wherein the barrier material is an insulator. 

9. The method of Claim 1. further comprising conifitioning at least the first surface for reaction with 
20 the reactant fluids. 

10. The method of Claim 9, wherein conditioning comprises forming ligands selcctwely on the first 

surface. 

11. The method of Claim 9, wherein conditioning comprises forming ligands on the first surface and the 
second surfece end subsequently modifying the ligands on the second surface. 

25 12. The method of Cleim 11, wherein modifying the ligands comprises converting the ligands mto a 

growth-blocking layer. 

13. The method of Claim 11, wherein modifying the ligands comprises removing the ligands selecthrely 
from the second surface. 

14. The method of Claim 1 3, wherein removing the ligands selecthrely comprises heating the substrate. 
30 The method of Claim 14, wherein removing the ligands selectively further comprises exposing tiw 

substrate to a reducing ambient 

IB. The method of Claim 14. wherein removing the Kgands selectively further comprises subjecting the 

substrate to a vacuum. 

17. The method of Claim 14. wherein removing the Ggands setecthrely further comprises subjecting the 
35 substrate to high pressure. 
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18. The method of Claim 1 3, wherein removing the tigands setectivehf comprises a chemical reduction. 

19. The method of Claim 1 3, wherein removirtg the ligands comprises deaning the second surface. 

20. The method of Claim 9, wherein conditioning comprises exposing the substrate to molsturB. 

21. The method of Claim 9, wherein the first surfsce comprises a form of oxide end conditionine 
5 comprises eiposmg the substrste to a sow ce H or OH raificals. 

21 The method of Cleim 9, wherem conditioning comprises formino ligtnds on the first swfaca 
selected from the group consisting of hydroxy!, cyano, NH^ NH. fluoro, bromo, iodo. chloro, methyl allcoxo, p- 
dilcetoneto and isopropoxo. 

23. The method of Claim 1. further comprismg forming a sacrificial layer over the second surface prior 

10 to coating the first surface. 

24. The method of Claim 23. wherein the sacrificial layer comprises a materiel susceptible to etching 

from exposure to the at least two reactant fluids. 

25. The method of Claim 1. wherein providing comprises plasma etching an opening In en insulating 
layer to expose a metallic element, thereby producing the first surfsce on the insulating layer with conditioning figands 

1 5 thereupon and the second surface on the metallic element without conditioning ligands thereupon. 

26. A method of selectively forming a barrier leyer over insulating sidewalls of an opening in a partially 
fabricated integrated circuit, comprising: 

forming igends over insulating surfaces of the partiafly fabricated integrated circuh, leaving 

conductive surfaces exposed; and 
20 introducing vapor phase reactants to react with the ligands over the insulating surfaces to 

selectively deposit a barrier material over the insulating surfaces. 

27. The method of Claim 26, wherein introducing vapor-phase reactants comprises alternatingly 
introducing at least first and second vapor phase reactants in an atomic layer deposition process. 

28. The method of Claim 26, wherein the ligands are selected from the group consisting of hydroiyl, 
25 cyano, NHj. NH, fluoro, bromo, iodo, chloro. methyl, alkoxo, (J-diketonato, isopropoxo. 

29. The method of Cleim 26. further comprising removing the ligands from the conductive surfaces. 

30. The method of Clean 29. virherein removing the Ggends comprises reducing. 

31. The method of Claim 28, wherein forming Tigands comprises exposing the msuteting surfaces to 

moisture. 

30 32. The method of Claim 26, wherein forming igands comprises forming hydroxyl tails. 
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